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ABSTRACT

Analyses of uplink and downlink data from recent free-spac[ optical communications experiments carried out between
Table Mountain Facility (near Pasadena, CA) arid the Japanese F TS-VI satellite are presented. Fluctuations in
signal power collected by the satellite’s laser communicationexperiment (I.CE)duc to atmospheric scintillation and
its amelioration using multiple uplink beams ate analyzed and comparcd to experimentaldata. Downlink data was
analyzed to determine the cause of a largerthan expected variationinsignalstrength. Inspiteof the difficulty in
deconvolving atmospheric effects from pointing errors arid spacecraft vibrat ion, experimeutaldataclearly indicate
significant improvement in signal reception on the uplink with multiple beams, and the need forstable pointing to
establish high data rate optical communications.

Keywords: Free-space optical Communication, Atmospheric Scintillation, Multi-bearn Uplink, Downlink, Aper ture
Averaging, Laser Communication, Link Budget

1. INTRODUCTION

An optical communication link between an Earth-orbiting satellite anda groundbasedreceiverinvolves propagation
of laser beam through the atmosphere. Spatial and temporal variationsintheindex of refraction of theait that
forms the atmosphere severely degrade the quality of thebeam. These variations, typically lastingin the order of
one thousandth of a second at optical and necar IR frequencies, in index of refraction result in rand om chianges in
the amplitude and phase of the arriving wave. Theamplitude and phase fluctuations manifest themselvesineffects
suchas scintillation}, beam broadening andbeammotionorwander. Scintillation can be thought of asinterference
between partial waves propagating through different paths (or turbulent cells), which result in fades (destr uctive
interference) or surges (constructive interference)at the receiver.Beammotion, prir narily on the uplink, can often
be considered as atmospheric-induced jitter inpointing of the laser beam. Suchmotion of narrow beamns can cause
deep fades in the signaldue to the Gaussian nature of the spatjalbeawiprofile. Deep fades causing signal loss o
strong surges causing saturation of the quad-detector can force loss of tr ack On the uplink. with the exception o f
heavy cloud cover, atinosphericscintillation is usually thelimiting factor in an optical li nk. For downlink, however,
the large size of the receive aperture typically compensates for scintillationby averaging over fades and surges.

In addition to atmospheric-induced signal variations there are other variationsin signal caused by spacect aft
vibration, tracking error and pointing jitter. These errors depend largely onthecharacteristics of the optical com-
munications system both on the satellite and ground, Without a detailed under standing and characterizatioy of the
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Figure 1. Figure showing laser commmunication link between TME and the ETS-VI satellite

optical system, it is impossible to identify the statistical properties of atimosphericeffects. Assuming that these atmo-
spheric effects are well described by existing models, the di flerence hetween experimental and predicted pe rformance
is then primarily due to the optical communicationsystem itself.

In this paper weuse data from the recent Ground/Orbiter Lasercomm Demonstration (G OLD) experiments to
study the atmosphere-induced fluctuations in signal power both on uplink and downlink. The experiment’s objective
wasto establish an optical communication link at 1.024 Mbps betweenthe Laser Communication Experiment (LCE)
onboard the Japanese ETS-VI satellite and the Table MountainFacility (TMEF)nearthe Jet propuision Laboratory

(JPL). The link was established by first transmitting a beacon from TMF to E'TS-VI using a priori knowledge of the
satellite’s orbit. The beacon was subsequently acquired andtracked by theLCY, package onthe satellite. Once the

tracking loop was activated on the LCE, theonboard laser was tumed on and its beamwas pointed to the ground
station for downlink. The downlink beam was then detected by the receiver at TMFE to complete the link. Once
the link was established, both the downlink laser and uplinkbeaconcouldbemodulated for transmission of data
A good description of the GOLD experiments, detailsonthe.CE can, and results of otheroptical communications
experiments carried out with the LCE can be foundin References[1- -1]. Owr focus in this paper is more o thesignal
fluctuations, bothon uplink anddownlink, and less onthe communication aspects of the link.

The reminder of the paper is divided primarily into two parts: Section 2 deals with uplink while Section 3 deals
with the downlink. For the uplink. we beginin section ‘2.1 with a brief ssunmar v of the theory that desciribes bean
propagation through free-space, atmospheric scintillation and effects of multiple uplink beamns. Section 2.2 provides
the specifics of the experiments and a typicallink budget fortheuplink. The experimentaluplink data is presented
and comparedtotheory in Section 2.3.For the downlink, we discuss the probability distribution due to pointing jitter
in section 3.1. .4 typical link budget for downlink is presented in Section 3.2 and the corresponding experimental
results are presentedin Section 3.3.

2. UPLINK

2.1. Theory

Consider & communication channel between a ground station and an orbit ing satellite that is specific to GOLD as
shown in Figure 1. A deuiled discussion of the influence of the atinosphere on the statistics of the channel during
beacon uplink follows.

We can consider the power, Pp, received by the photodetector on thesatellite to bethe product of three quantities:

Prp = RIS



where Fy is the power receivedin the absenceof a tur bulent atmosphere, | is a random variable with a beta-
distribution caused by atmospheric andpointing jitter, and S is typically a log-normalrandomm variable due to
scintillation. *he maximum receivable power, Fo at the satellite was assumed to have zero variauce. Thus fluctuations
due to the laser and detector noise are assumed to he negligible comparedto scintillation and beam jitter. Inthe
following sections, the major contributions to the observed statistics of the received poweron the uplink are described.

2.1.1. Free-space propagation

For an optical transmitter with continuous wave (CW) laser power of P Watts, the power received by the detecton
onboard the satellite in the absence of atmospheric turbulence is primarily governed by {ree-space- propagation loss

arid opticalabsorptionand is given by:
pe =Gy -Gl Py (1

where 77 is a combined loss term which accounts for transmitter and receiver optical loss. atmospheric loss and
pointing loss: Gy is the transmitter gain which depeuds on trausmit beamwideh: Gy s the receiver gain which
depends on recetver or collector area and wavelength: Ly is the space loss which depends on the wavelength and the
distanuce between the trausmitter and receiver. The expressions for gains and losses are well known and shall not be
presented here (see the link table in the following section for the values of gains and losses). It must be noted that
the concept of gain is more often used in RE communications analysis than in optical communications. At optical
frequencies, it is common to drop the wavelength dependence of receiver gain and space loss and instead replace
them with collector area and propagation loss, respectively. That is, the received power 15 written as:
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where 8 is the beamwidth in radians; Dg is the receiver aperture diameter inm and r is the transmitter-to-receiver
range in m. In this expression, the effects of obscuration and truncation have been ignored and the beam width
refers to full-width to first null of the Airy beam pattern.

We may to a good approximation assume that all quantities in the above equation are constant over the duration
of the experimnent which typically last few hours. That is, we assume that the communication range, observation
angle, atinospheric transmission, ete. change little in the 2-4 hours of an experimental pass. In the presence of thin
moving clouds, however, atinospheric transmission can vary significantly over such a long duration.

2.1.2. Light Wave Propagationin Turbulent and Random Media

Wave propagation through lossless random media, like the atmosphere, is often characterized by the structure
constant C? , which is a measure of the variance of the index of refraction due to inhomogeneities in the medinm
[5]. For modeling the atinosphere. one often needs to know the altitude variation of the structure constant and its
dependence on weather conditions. Though modeling the atmosphere is a diffienlt task. there exist several empirical
and parametric models for the altitude variation in the structure constant of the atmosphere. The most common
of these is the theoretically based Hufuagel model in which the dominant turbulence arises from winds in the 5-
20 ki altitude range [6]. The altitude of TME (2.2 kin above sea level) is well outside the range of validity of
the Hufnagel wodel (over 3 kin above sea level). The validity of the itnproved Hufnagel-Valley 5/7 model. which
includes a boundary layer term, on the other hand, extends down to the ground [7]. This model, however, predicted
a larger than observed turbulence at TNME by overestimating, the low altitude contribution. We. thus. used the
experimentally based AFGL CLEAR I night model [8]. The CLEAR I night model was based on the average of a
large number of measurements of the atmospheric properties in the New Mexico Desert. The model provides the
functional dependence of C? on altitude down to 1.23 ki above mean sea level:

log(C2 ) = A+ Bh+4 CI% 4 Dexp ("Sh-ﬁ-‘]f)> 3
where h is the altitude in kin shove meansealevel. The constauts A, 5. C, D, F and F are defined for three

differentranges of altitude andlisted in Chapter 2 of Ref. [8]. host quantities of interest such as the scintillation
variance are usually expressed as weighted integrals of theindex of refraction structure constant, as described below,



Consider, for examnple, observation of a star with a large aperture telescope. As nored carlicr. the Luge apetture
negates the effect of scintillation by averaging over constructive and destrnetive intetferences. Since hight from a
distant object can well be approximated by plane waves. the only prominent effect of the turbulent atmosphere
is thus the change in the angle of arrival of the plane wave. The random avival angle limits the resolution of
the telescope. In fact. the resolution of the telescope is cquivalent to the resohition of an aperture. rg (called the
coherence length of the atmosphere), determined by the atmospherie structure constant and wavelength of light [0

o0

ro = [0. 19k%scc § / (',"Z (h )(/}l] (1)
., ]

where & = 27/ is the wavevector of the plane wave, b is the height above sea level and hg is the altitude of the
location of the telescope. From basic principles of optics, an aperture with diameter rg has a full-width-half-maximum
(FWHMI) angular resolution of :
Angular resolution = —
7o
For a wavelength of 0.5 microns. the coherence length 1o is on the order of 10 cm. Tn experimental observations, it is
convenient to define “seeing” as the full-width-half-maximum (FWHM) of the angular spread of the star. For g of
10 cm. the secing is approximately one arc-second or 5 micro-radians. It must be noted that though sub-arc-second
secing conditions are possible at TMF, a more representative value for the sceing at TME is 2-3 ave seconds, or an
ro of little under 5 cm.
Given the AFGL model for the altitude dependence of the structure constant. the above equation for ry gives
a single value for the atmospheric coherence length irrespective of the nicteorological conditions. To better model
the existing local weather conditions, we scale the structure constant function by a multiplicative constant so that
the predicted value of g matches the 1o derived from measured seeing. The scaled €7 was then used to determine
other atmospheric related guantities such as scintitlation variation and beanm wander. For this purpose. the seeing,
was measured several times during a single run of the GOLD experiment.

2.]1.3. Atmospheric Scintillation

The PDYF of the normalized received intensity, S. at a point receiver due to scintillation can take several forms.
For weak turbulence. S is proportional to exp(2y) where y is the log-ataplitnde of the wave. Since \ is a normnally
distributed random variable, the trausformation S = exp(2y) results in S being a log-notmal RV The quantity
2¢ is often referred to as the log-irradiance and the variance of x is referred to as the log-variance of §. For
strong turbulence over long paths, the intensity fluctuations are severe and the distribution is exponcential. Andrews
and Phillips have shown that scintillation can be described by an I-K distribution (i.e.. containing I and K Bessel
functions) which reduces to the two limits given above for weak and strong turbulence {10,11). Since the GOLD
experiments were performed at relatively high altitudes (2.2 kin for TME) and the source of most turbulence is at
or near sea level. we assume a weak turbulence model and use the log-normal distribution for S. That is.

1 1 [ 1 .
fs(s) = = = exp = o (Ins - 1) (5)
\/.;Zrm,‘) R ?U[
where 1, = — a; /2 is the mean of the log-irradiance distribution. The quantity §. being a normalized quantity. has

atlean Of 1The variance of thelog-irradiancejsdet ¢pnined from the following weighted integral of the index of

refraction structure constant [12.13]:

o2z 2.24k7/8(scc )1/ C2 (YRS (6)
/lu

where k, h and kg are as defined before.  Experiments have shown that of does not arbitrarily increase with
increasing atmospheric turbulence. In fact, the scintillation variance reaches a saturation value of approximately

o} = of /4 = 0.3 [4]. The variance of S itself is given by

-1

. >
0% = expoaj 1 (7
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Figure 2. PDF of the received signal intensity, S, showing the improvement in variance with mmltiple uplink beams.

Note that it is customary to characterize the log-normal distribution of S using the mean and variance of the
log-irradiance. Thus neither the mean nor the variance of S is immediately apparent from fo(s).

For the case of uplink, we shall assume that the pointing jitter was negligible compared to scintillation effects.
That is, both the atmosphere-induced beanm wander and pointing jitter were assumed to be low. Thus the received
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We emphasize that in the above equation P and S ave RVs. For the case at hand. we proceeded with the assumption

power can be written as:

that scintillation was the primary cause for signal variation.

2.2. Effect of Multiple-uplink-beamns
The adverse effect Of scintillation can be reduced by the use of multiple uplink b eams. each incoherent with the rest
and separated by a distance 1218€ 1 than the at jospheric coherence diameter ry. That is. each beam produces its
own independent speckle pattern and the de te ctor suns over fades and surges from the different beams. Forsuch a
case, the signal airiving at the detector is the sum of thesignal from each uplink beam withindependen jqengically-
distributed (I1ID) statistics. That is
N
S=Y S, (9)
T |

where Nisthe number Of independentbeams.and therandom variables S, are log-normally distributed. We assume
that the tots] uplink powerremains constant and thus cach beamn, S, ha s 1/Nth of the total power. From the
propetties of sums of 11D random variables. we find that S is a convolution of Nlog-notmal distributions. Analytic
expressions for the convolution of log-normal functions at ¢ unavailable, and thus we resor t to puinet ical techniques
using characteristic functions and Fast- Four ier-Transforms (FFT). Note that for large N, according to the central
limit theorem(CLT),the distribution of S approaches a Gaussian.

To illustrate thebenefits of launching multiple beams during uplink, we ¢hoose, as anexaple, a mean of 10/N
and log-variance of O.4for each S,.Figure 2 showsthe expected PDF when total laser power is equally distribured
inone, two. four. eight or sixteen beams Sevegalfeatures are worth noting. First, the means for all the distributions

are the same. Second, the location of the peak of the PDFapproachesthemean of S when N is increased. Finally,



Link Range 38000 k m
Data rate 1024.0 kbps Binary PPM or Manchester

Transmitter (TMFE)

Lascr (Argon-ion)

Peak power 13.20 W 4121 dbBm
Average power 660 w
Waveiength 51450 nm
Energy perpulse 644531 nJ
Telescope (tkIt-" 24-inch)
Gain 2 42E+I10 10383 dB3
1 ransmitbeamwidth 30.00 praud
Telescope optical losses 0.75 -1.25  df
Channel
Space loss 1.16E-30 -299.35 adf3
Atmosphere
Transmission
0,49 311 dg
Transmission at zenith 60.00 %
Observati on angie from zer 45.00  degrees

Receiver (GEQ)
Telescope (ILCE on ETS-VI)

Gain

21 OE+11
Aperture diameter 750  cm 11322 &8
Other losses 0.15 8.24 dB

Power received at detector 4.24 nW 53.73 dBm

Required power at detector
0.63 nW -
Link margin 6.73 62'0;8 ggm

Table 1. Link budget for TNF to LCE transimission.

the PDF is concentrated around the mean for large valnes of N. In short, though the mean does not vary with
increasing number of beans, the variance drops significantly with additional beams. In fact, for the exawmple in
Figure 2. the probability of greater-than-3-dB-fades from the mean drops from over 22% for one beam to just over
3% for four beams.

In the presence of strong scintillation, dividing the laser power into several heams is essential to avoid deep fades
and surges. The number of beams needed to achieve a given bit error rate (BER) will depend on the strength of the
scintillation. Part of the objective of GOLD was to understand the effects of multi-bhean propagation through the
atmosphere. Tn the GOLD experiments, light from the laser was split into two or four and the path length difference
botween the beatns was increased to a distance greater than the coherence length of the faser. The beams were then
launched into the coude 30 as to enierge from the primary sepatated by o distance of 20 ¢ (which was much greater
than ro). Thus the actual variance of the received signal would have been less than that predicted by the single-beam

model.

2.3. Link Budget

One of the objectives of the GOLD data analysis was to compare the observed mean and variance of the uplink signal
to the predicted values. The link budget of Table 1 shows the expected mean vatue of received signal for transmission
of a single high power CW beam from TMF up to the satellite. The link budget is for the avalanche photo-diode
(APD) in the communication channel of the LCE.
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Figure 3. Uplink signal fluctuations observed over a 10-sec thne interval on May 12,1996, The large spikes are due

to errors in the "E27 frame

All data concerning the laser communication packnge on the satellite was provided by the Comraunication Re-
scarch Laboratory (CRL) in Japan. Parameters pertaining to TME transmitter were determined experimentally o1
estimated from telescope properties. Values of parameters such as range and elevation were typical values for the
duration of the experiments. Finally, background radiation from earth reaching the detector was negligible as most
experiments were conducted at night from TME. Losses due to pointing bias and jitter were not included in the link
table but are expected to be about 2 dB.

2.4. Experimental Dataand Analysis

The LCE onboard the ETS-VI satellite had three photo detectors: a CCD for acquisition: a quad-photo-detector for
tracking and an APD for communication. There were two sets of data available to us from these three detectors -
one from the S-band telemetry and the other from the optical downlink carrier. Data from the S-baund telemetry
contain CCD and QPD signals sampled every second. Thus even though the CCD frame rate was 30 Hz and the
QOPD bandwidth was tens of Hz, the available data was only at 1-Hz interval. In addition, the QPD data (which
was the suin of the signal from the four quadrants) showed significant satnration except on few davs. A preliminary

analysis of CCD and QP'D data can be found in Ref. [15].

Due to the aforementioned reasons it was hetter to use the APD data sent via the optical carrier. which was
sampled at 500 Hz. It must be noted that the APD corvent sensor circuit had a bandwidth of onlv about 40 Hz, Data
from an additional 400 Hz bandwidth APD cirenit also showed significant saturation to be of much use. The LCE
downlink status had to be in the “E27 (or telemetry) mode instead of the PN (pseudo-randonm noise) or regeneration
mode to obtain the APD data. Furthermore, there were very few instances of stable downlink over extended periods
of time due to spacecraft pointing. In this article we use available APD dira (from the 10 Hz bandwidth circuir)
extracted from the "E2” telemetry to analyze uplink sigual fluctuations [16].

Figure 3 shows a plot of the power detected by the APD over a 10-see time interval when the uplink beam was
divided into four beams. each mutually incoherent and separated by 20 ¢ The tean of the recetved power was
about 2.4 nW. This compares well to the 2.1 nW of average power (1.2 nW peak power) predicred in the link table.
The discrepancy between the predicted and observed mean values was just about 0.6 dB. The agrecment between
theory and experiment for the mean value was surprisingly good given the various unknown factors such as the exact
value of the atmospheric transmission, transmitter pointing offset and jitter. The normalized vatiance of the sigual.
on the other hand, was 0.045 and will be discussed shortly.

Figure 4 shows the PDF of the signal in Figure 3 for a four-beam uplink. Since no expressions are available
for convolutions of log-normaldistribution, swe could not casily fit the experimental data. W'e, therefor e, used a
log normal distribution with mean and variance one-quai ter of what was obser ved experimentally with four beamns.
When this log-normal distribution was convolved with itself four times we obtained the smooth curve shown in
Figure 4. The mean and Valiance, of course, are the same for the two cut ves. The iinpor tant thing to note is the
strikingly similar functional form of the two curves. Thisindicates that the log-normal distiibution for scintillation
predicted by the weak-turbulence model of tile atinosphere was indeed a good one Fromthe experimental data we
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Figure 4. Probability distribution function of upliuk signal shown in previous figure. The smooth curve overlayved
on the PDE is the convolution of four log-normal distributions (see text).

see that if only one beam were sent up stead of four, the normalized vartanee would have been G 1S Frome B,
the log-variance would have been of = 0.17. That cottesponds to a seeing of about 3 prad which was smaller than
the approximate 1.5 arc-sec seeing measured at TNE on May 1201996, The difference could be due to the ditlerent
times at which the secing and uplink measurements were made.

3. DOWNLINK

3.1. Theory

The receiver aperture diameter used for GOLD downlink was 1.2 m. Hence the receiver encompasses a large number
of atinospheric coherence cells which ave typically in the order of several i as described earlier. This averaging,
over many coustructive as well as destructive interference cells nearly celiminates the effects of scintillation ou the
downlink and is called aperture averaging. The dominant causes of signal fhuctuations are then pointing jitter and
atmosphere-induced beam motion.

3.1.1. Beam Motion and Jitter
To acconnt for intensity fluctuations due to pointing inaccuracies and beam wander, we assume a Gaussian intensity
profile for the uplink laser beam. That is. the normalized intensity pattern takes the for:

J(8,.08,) = exp (-1 -7 ! {1

]

where dr and dy ave the angular deviation or ervor in the pointing. If the transmitter aud receiver are on-axis
and there is no pointing offset (ér = dy = U) the receiver would see a power [4, from the transmitter. Because of
pointing jitter and atmospheric induced beanr motion, however, dr and dy ave random variables and not consranrs.
We assume dr and dy to be identically and normally distributed with zero mean and variance an The variance nf
of the jitter is the sumn of the variance of atmospheric-induced and trausmitter-induced pointing errors.
The new random variable I can be shown to have the following cumulative probability distribution function
(CDF) 17]:
Pl <iy=Fi(i)= 1 for 0 <i<1 nt)
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where

2

) 1 #\"
d = - - (12)
& \o,

is a measure of the pointing accuracy with respect to the beam width, We nmmediately see that the mean and
variance of I are given by < I >= 3/(3 + 1} and

<> <> -

(74 1)°

respectively. Tt is obvious that a large value of 3 is desirable. In fact, for laree values of . the mean approaches the

optimum value of one and the variance tends to zero as 17,37, For small values of (3 < 1), on the other hand.

both the mean and variance are proportional to bera. Figure 5 shows the PDE due to pointing jitter for different

values of beta. Note the sharp fall oft (discontinuity) at 7 = 1 due to the fact that the received power can never be
greater than when pointed properly.

To achieve a large value of J. either the angular beamwidth must be increased or the beam jitter muse be
decreased. With less control over the beam jitter, one is often limited in practice to increasing the beam divergence
for obtaining a particular value of beta. But the received power is inversely proportional to the square of the hearn
divergence. An optimumn value of 3, therefore, exists aud depends on the magnitude of the jitter. The statistical
analysis of the effect of a constant pointing offset is complicated by the loss of circular svimmerry, For shimplicite, we
accounted for constant pointing offset only through an exponential loss factor.

3.2. Link budget

Table 2 shows a link budget for the downlink similar to the one for uplink. Iu fact. most of the parameters are about
the same for uplink as well as downlink. The substantially lower power of the LCF’s transmitter was compensated
for in the link by the substantially larger collector area, resulting in an approximately same value of received power
for both uplink and downlink.

3.3. Experimental results

Before getting into the experimental results, it is necessary to describe some of the experimental details of the
transmitter and ground receiver. First, a 20% 8-kHz modulation was impressed upon the dowrdink signal. This
provided a carrier frequency for the downlink and proved very useful in analyzing the downlink signal. Second. an

=



Link Range 38000 km
Data rate 1024.0 kbps PPM (M = 2)

Transmitter (GEO)
Laser (LLD:830)
Peak power 0.028 W 14.41  dBm
Average power 0.014 w

Energy per pulse 1348 nJ

Relay Optics
Losses 0.30 523 dB

Telescope (1.LCE on ETS-VD)
Gain 242E+10 10383 dB
Transmit beamwidth 30.00  uad

Channel

Space loss 3 24E-30 -29489 db

Atmosphere
Transmission 0 60 -219 dB
Transmi sston al zenith 7000 ©
Observation angle from zer 4500  degrees

Receiver (I'M )

Telescope (TME 48-inch)

Gain 1.84E+13 13264 dB

Aperture diametes 120.00 cm

Filter loss 0 80 -097 dB

Other losses 0,64 -1.94 dB
Power received at detector 3.69 nW -54.33  dBm
Required power at detector 0.70 nW -61.55 dBm
Link margin 5.27 7.22 dB

Table 2. Link budget for TME to LCE transmission.

Pawar — nW

Mol

2000

Figure 6. Downlink signal fluctuations with timne observed on May 12, 1996
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Figure 7. Time-frequency analvsis of downlink data

EG&G APD was used at TME for detecting, the downlink signal, The APD current. after amplification. was simpled
at the audio rate of 22 kHz primarily to observe the &kHy modulation.

With the effects of scintillation averaged ont on the downlink. we expected a fairly stable downlink signal assunting
that the pointing jitter would be small just as in the uplink. As Figure 6 shows. the peak received power was as high
as 2.5 nW which agreed well with the nnmbers predicted by the link table but the downlink signal fluctnation was
much larger than expected. Figure 6 shows a plot of the downlink signal versus time with each point 1epresenting
the average of the signal over I-secoud. The figure clearly shows deep low-frequencey fades lasting several seconds
to minutes. The I-second-averaging of the signal in the plot hides both the 8-kHz modulation as well as higher
frequency fades. Histograms of the downlink signal over several minutes show a characteristic drop-off at some power
levels indicative of pointing jitter dominated distribution discussed in Section 3.1. When the downlink was stable,
over several seconds. To further understand the causes of the signal

)

we observed bit-crror-rates of less than 10°°
vartations we performed various frequency and time-frequency analysis.

Fast Fourier Trausforms (FEFTs) of the downlink signal showed several distinctive peaks in addition to the clear
peak at 8-kHz depending on the data format (7127, PN or regeneration) used [3]. The FFL analysis of the downlink -
signal further showed small components at tens of Hz. Time frequency analyvsis of the signal provided information on
how these low frequency component changed with time. Figure 7 shows the evolution of low frequency components
with time around the carrier frequency of 8 kHz. Each vertical line in the figure represents FET of data from a 1-sec
interval. One can casily discern distinct signal components starting at 10 Hz which slowly change in frequency to 20
Hz. The 20-Hz signal was stable for several minutes and then drifted towards 60 Hz. Occasionally we saw harmonics
of these low frequency components. The origin of the 10-100 HZ signal and the reasons for the frequencey change are
not completely understood. The fact that the components are sharp and svinmetric abour the cartier frequeney of
§-kHz suggest that the origin of the low-frequency fluctuations was the LOE or the satellite itself. The stow chanee
in frequency could be due to chiange or drift in temperature resulting in drift in the modes of vibration. Tn any case.
the severe signal variations limited collection of *E27 aud "PN” data from the optical signal.

4. CONCLUSIONS

Predicted and measured values of themeanreccived power, both 011 uplink and downlink, agreed well (within + 3
dB) given the uncertainty inthe optical losses of telescopes at TMI and the actual atmospheric transmission. On the
uplink. results from this pap er and past analysi s clearly confirm that multiple-beam uplink can significantly reduce
signal fluctuations caused by scintillation. The observed variance of signalfluctuation onthe uplink was lower than

11



expected while the variance of the signal on the downlink was significantly larger than expected. Downlink signal
fluctuations are attributed to pointing jitter suggesting the need for highlyv accurate pointing to establish stable

communication link.
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